Sunflower has become an important crop for both farmers and consumers in Sudan. It is a crop that fits well in the local cropping system and is considered one of the most important oil crops of the country. Regular irrigation intervals could be reduced in order to increase total yield and maximize water productivity. In contrast prolonged irrigation intervals during sensitive growth stages may result in reduction in total yield. The application of water below the evapotranspiration requirements is termed deficit irrigation (DI). The experiments were conducted at Gezira Research Station, WadMedani, Sudan, in a randomized complete block design with three replications. In this study irrigation intervals every week (W) during the whole growing period, 10 days interval (F1), 15 days interval (F2) and 20 days interval (F3) after flowering stage and 10 days interval (S1), 15 days interval (S2) and 20 days interval (S3) after seed filling stage were applied to study the effect of full and deficit irrigation on yield and yield components of sunflower crop during the two growing periods 2011/12 and 2012/13. Results showed that water stress decreased the number of filled seeds per head, weight of full seed and seed yield. The highest seed yield of (3130 and 3140 kg/ha) was obtained from full irrigation (W) and the lowest seed yield of (2082 and 2130 kg/ha) from irrigation every 20 days after flowering stage in the first and second season respectively. Results indicated that there were no-significant differences on head diameter, plant height and stem diameter when water deficit occurred after the flowering stages. Lower WP of 0.21 to 0.26 and 0.21 to 0.27 kg/m3 were obtained when sunflower irrigated every 20 days after flowering and seed filling stages in the first and second season respectively. Results revealed that water productivity was low under Gezira conditions.
INTRODUCTION
The Sunflower is a drought adapted crop with a short growing season that requires relatively low irrigation requirements and makes it ideal for areas with limited irrigation supplies. Sunflower (Helianthus annuus L.), is *Corresponding author. Tel: 249 (9) 12436538. Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License an important oil crop of the world as well as in Sudan. It is an edible oil crop in Sudan; the seeds have high oil content (40 to 50%) and 30% digestible protein. They can thus be used as a source of food for humans or as a poultry feed. Sunflower cake can be made as animal feed. It can be cultivated in winter season (November) under irrigation, as a winter crop and in rain-fed areas as a summer crop (July). In recent years the Sunflower cultivation area has increased in Sudan, because of the moderate cultivation requirements and high oil yield. The yield of crops that are cultivated under rainfed conditions in Sudan has progressively declined with time, owing to changes in both quantity and distribution of rainfall. There is a great need to increase crop production to meet the demand of the rapidly growing population. The importance of irrigation to enhance crop production in the water scarce conditions of Sudan is yet to be translated into sustainable development options for irrigated agriculture, which can potentially raise the yield of Sunflower to 5 t/ha.
Although experimentation on sunflower in Sudan started as early as the 1940s, the real concern with its commercial production started late, mainly as a rain-fed crop, where rainfall is very erratic in the amount and distribution. However, some rain-fed areas have experienced significant drought. This led to shifting Sunflower cultivation to irrigated areas. For this reason determining crop water requirement and water productivity under irrigated agriculture is essential for planning and water resources management. In the future irrigation management will emphasize on maximizing the production per consumed unit of water, the water productivity, rather than maximizing yield per unit of area in irrigated agriculture under water scarcity. The water requirement for the crop is the most important factor, because water has a direct effect on the yield of the crop. Karam et al. (2007) reported that the increase in the irrigation interval reduced seed yield, plant height, head diameter, seed oil content and increased the number of un-filled seed. Anwar et al. (1995) stated that the yield and yield components of Sunflower were affected by the number of irrigation water supplies. As the number of irrigation water supplies increased the days to maturity, seed yield and plant height increased. D 'Andria et al. (1995) concluded that yield components of sunflower were affected by irrigation treatments.
Water stress, particularly at the flowering stage, reduces fertilization and seed set due to dehydration of pollen grains. More studies were focused on the effect of drought on Sunflower yield (Stone et al., 1996; Faisal et al., 2006; Karam et al., 2007) . Also water stress at the flowering stage was observed to be a limiting factor for seed filling, so significant reduction of unfilled seeds was observed as a result of irrigation deficit. Pejić et al. (2009) summarized that the period from flowering to maturity was the most sensitive towards water deficit. Many researchers stated that an irrigation interval of seven days in Sunflower improved seed yield, oil yield and water productivity. Yawson et al. (2011) reported that, Sunflower is considered to be tolerant to water deficit to some extent. Therefore, knowledge of the effects of irrigation scheduling on sunflower production and water productivity under water stress conditions is becoming increasingly important. Irrigation scheduling is particularly important since many field crops are more sensitive to water deficit at specific Phenological stages. In the season where there is insufficient water for crop demand, the optimum use of irrigation water is essential for water resources management. Optimum use implies the efficient irrigation water use and proper timing of irrigation to face the critical stages of growth of the crop concerned. It is important to analyze the effect of water supply on crop yields. The effect of water stress on growth and yield depends on crop varieties, magnitude and stages of occurrence of water deficit. In this study the water stress was after starting of 50% of flowering and seed formation stage to assess to what extent the water will reduce the yield under different irrigation intervals. The objective of this research is to study the effect of deficit irrigation on yield and yield components of Sunflower, and to assess the water productivity.
MATERIALS AND METHODS

Study area
The experiment was conducted at the Gezira Research Station Farm, which is located between longitude 14 .4° N and latitude 33 5° E in WadMedani in central Sudan and at an altitude of 405 MSL (mean sea level) (Figure 1 ). In particular, the soil of the study area is a deep, heavy soil (Vertisols) with 58 to 66% clay, 0.05% organic matter, a water infiltration rate of 1 mm/h and pH of 8.5 (Table 2 ). All agronomic practices were conducted during the two growing seasons of 2011 and 2012. Sunflower, variety Hysun 33 was sown in the mid of November for the two seasons. The seed rate was three seeds per hole at 30 cm inter-row plant spacing and 80 cm between rows. The plant was then thinned to one plant per hole after two weeks. The experimental design adopted was randomized complete block design (RCBD). Fertilizer was applied in the form of urea at the rate of 46% N, 86 kg N ha -1 in two split doses, one with the second irrigation (with thinning) and the rest at the flower initiation as recommended by Agricultural Research Corporation (ARC). The plot size was 50 m 2 (10 m×5 m). After emergence the field was irrigated every week up to flowering stage and then on the basis of water deficit at three irrigation levels. Weeding was done by hand after third irrigation and repeated four times during the whole season.
The irrigation treatments were seven using the furrow method including every week (W), 10 days (F1), 15 days (F2) and 20 days intervals (F3) after 50% flowering to physiological maturity and 10 days (S1), 15 days (S2) and 20 days intervals (S3) during seed filling stage to physiological maturity which replicated three times. Water applied for each treatment was measured during the whole growing season using a current meter device which was placed in Abu vi (Abu vi is a small canal to deliver water to the experimental plot) to measure the discharge of the water to each plot separately. The total number of the plots was 21. Daily weather data were collected from the nearby meteorological observatory of Gezira Meteorological Station in WadMedani (Table 1) . Also the reference evapotranspiration for two growing seasons are plotted in Figure 2 . Weeding was done by hand continuously during vegetative growth.
Five plant samples were taken to determine the different crop parameters such as plant height (cm), head and stem diameter (cm), number of seeds per head, weight of full seeds, and final seed yield (kg/ha) after harvesting. Harvesting was done on 8 and 15 March during the respective seasons. Data were statistically analyzed using the Statistix 9.0 software and means comparison of data were conducted by Tukey's HSD at 5% probability. Table 1 displays the weather data for two growing seasons. Regarding the mean average temperature over the two seasons February was the hottest (37.9ºC) followed by November (36.5), and December (35.2) respectively. The warmest March was that of 2012 and the coolest January was that of 2011. The relative humidity generally decreased from November throughout to February. The reference evapotranspiration (ETo) was higher in January and February in 2011 (6.1 and 7.6) during the seed filling and physiological maturity. Analysis of variance for head and stem diameter, plant height, number of full seed, weight of seed per head and total yield as affected by different irrigation frequencies are presented in Table 3 . Results showed that the water treatments had a significant effect on the number of seeds per head, weight of full seed and total yield. Seed yield of sunflower decreased (2080 kg/ha) as irrigation interval increased to 20 days after flowering and (2190 kg/ha) after seed filling stages in the first season. While in the second season the seed yield was decreased to 2130 kg/ha and to 2270 kg/ha after flowering and seed filling stages respectively. The result is in line with the findings of Human et al. (1990) , who concluded that water stress in stages of flowering, seed formation and seed filling in sunflower caused the most reduction of seed yield. Beyazgül et al. (2000) reported that the long period of water deficit at the sensitive growth stages caused a significant reduction in seed yield. Faisal et al. (2006) examined the effect of three irrigation intervals (7, 14 and 21 days) on seed and oil yields of a sunflower. They found that sunflower was sensitive to the long irrigation intervals and the reduction in seed and oil yields under prolonged irrigation was associated with a significant reduction in yield components. Means followed by the same letters are not significantly different at 5% probability level according to Tukey's HSD.
RESULTS AND DISCUSSION
They found that prolonged irrigation decreased the mean 1000-seed weight. These results are also supported by the findings of Iraj Alahdadi (2011) who reported that increase in the irrigation intervals reduced seed yield, number of seeds per head.
Seed yield (kg/ha)
Seed yield was determined under different irrigation intervals to investigate the effect of different water application during different growth stages on final seed yield. Table 3 demonstrates the results of seed yield and reduction percentage due to different irrigation intervals from three growing seasons. The results revealed that the highest seed yield was obtained from irrigation every week (W) and the lowest seed yield from every 20 days during flowering (F3) and seed filling (S3) stages and the other treatments varied between these two (Figure 3) . The results indicated that reduction in seed yield was not significant 5 to 15% when increasing irrigation interval of 10 days after flowering and seed filling stages. Also, the reduction in seed yield was lower 18 to 25% when sunflower crop irrigated every 15 days after flowering and seed filling stages compared with a higher reduction of 34% on the seed yield when irrigation every 20 days after flowering stage was used.
The results stated that sunflower crop was more sensitive to soil water stress (SWS) during the elongation and flowering stages than during seed filling stage. Seed yield significantly improved by optimum irrigation applied after the start of flowering and seed filling stages. Deficit irrigation practices can be an alternate option for improving irrigation schedules and thereby increase crop productivity of restricted water resources under irrigated agriculture. However, deficit irrigation at late seed formation stage slightly increased seed yield in (S2) in comparison with the early flowering stage (Göksoy et al., 2004) . Seed yield and number of filled seeds were found to vary significantly. In addition, irrigation deficiency can adversely affect the activities of reproductive organs such as grains and heads because of the high sensitivity of sunflower to water stress during flowering and pollination periods.
Plant height
The results showed that there were no significant differences between treatments in plant height, that is, plant height was not affected when water deficit occurred after flowering and seed filling stages (Table 3 ). During the first season the plant height seemed to be shorter (148 to 153 cm) than in the second season (158 to 161 cm), whilst among treatments in the second season it is the same. This contradiction is probably because of differences in environments and material used (bad land preparation and impurity seeds). Thus confirming the findings of (Razi and Assad, 1999) who indicated that the plant height after flowering was not affected by water stress
Head diameter
Head diameter was significantly affected by water deficit during flowering and seed filling stages. Our results are in agreement with the findings of Ghani et al. (2000) who indicated that different irrigation levels had a significant effect on this parameter. Taha et al. (2001) concluded that there was a linear relationship between head diameter and the amount of irrigation levels. Roshdi et al. (2006) showed that with increasing irrigation interval and applying water stress to sunflower at different crop stages, head diameter and seed yield decreased. Ali and Talukder (2008) stated that deficit irrigation had an effect on head diameter. In this study the smaller head diameter of 15 cm was recorded when the plant irrigated every 20 days after flowering and seed filling stages. While the largest head diameter of 19 and 20 cm was recorded under full irrigation treatment of weekly and 10 days irrigation intervals in two seasons.
Number of seeds per head
Under water deficit conditions, plants do not find enough water to absorb and then the seeds are more or less unfilled. Roshdi et al. (2006) reported that when water stress occurred, particularly during flowering, head diameter decreased and as a result the number of filled grains decreased. In this study there were significant differences between irrigation treatments, the higher number of (1060 and 1030) was observed in weekly irrigation interval (W) and the lower number of (851 and 861) were recorded in irrigation every 20 days (F3) in first and second season respectively. On the other hand, frequent irrigation resulted in the highest number of seeds per head (Table 3) . This confirmed the results of Asbagh et al. (2009) who found that the higher seed number per head and seed yield were obtained from full irrigation treatment. Deficit irrigation at flowering stage was observed to be a limiting factor for the number of seeds/head and seed yield. Moreover, seed production was positively correlated to the number of seeds/head. In contrast, seed production increased with increased number of irrigations (Rawson and Turner, 1982) . The increase in yield was mainly due to increase number of seeds/head and not to seed size. Sunflower showed slightly lesser performance under 15 days intervals compared to other treatments. Moreover, no seed yield was achieved by increasing the irrigation period to physiological maturity.
Oil seed content (%)
The oil percentage is an important evaluation parameter of sunflower quality, which may be affected by deficit irrigation. Sunflower seeds contain a good quality oil (37 to 42%) as well as high amounts of protein (14.8%). Previously, studies reported that the percentage of oil content of sunflower slightly decreased when the crop was exposed to water stress at flowering stage (Hamid and Abolfazl, 2013) . Significantly, there were no differences observed in oil content among different irrigation treatments (Table 4) . The higher oil percentage (42%) was recorded when applied full irrigation during the whole growing season, and the lower percentage of (37%) when plants subjected to water stress at flowering stage, while water stress occurred after seed filling stage had no significant effect on it (Bashir and Mohamed, (2014) . Oil content increased with increasing the amount of irrigation. Results from two seasons clearly showed that there were no significant differences in protein content among all treatments. The results showed that, water stress significantly (P≤0.05) decreased seed yield, yield components and seed oil content, but increased the seed protein content in all the irrigation treatments. However, the irrigation water stress did not have an effect in protein content.
Water productivity (kg/m 3 )
There are many definitions for the term of water productivity (WP), WP may express a physical ratio between yield and water use, or between the value of the product and water use (Kijne et al., 2003; Palanisami et al., 2009) . Therefore, it is important to define the concept used, in this paper water productivity (WP) is defined as the ratio between actual yield and the water applied. Table 5 demonstrates the water productivity for sunflower under different irrigation treatments. Water productivity was higher under weekly irrigation (0.26 kg/m 3 ) in the first season (Ali and Talukder, 2008) , but in the second season it was higher (0.34 kg/m 3 ) than in the first season, also 10 days before flowering and seed filling stages. WP was lower when sunflower received irrigation at 20 days intervals after flowering (0.21 to 0.26 kg/m 3 ) and seed filling (0.21 to 0.27 kg/m 3 ) stages in the first and second season, respectively. The reduction was 20% and 25% in the first and second season respectively. Therefore, each additional m 3 of water yielded 0.26 kg of seed, whereas the output of other irrigation applications was much lower for each additional unit of water, 0.23 and 0.21 kg/m 3 of 15 and 20 days interval after flowering and seed filling stages respectively in the first season. Moreover, lower water productivity of 0.26 and 0.27 kg/m 3 were obtained from irrigation intervals of 20 days after flowering and seed filling stages in the second season respectively. Table 5 shows that higher and lower amount of water applied were recorded under seven days irrigation interval and 20 days irrigation interval after 50% flowering.
Conclusion
The highest seed yield was obtained from a weekly irrigation interval. According to this study, it is concluded that there was no significant effect of irrigation stress on plant height, stem diameter and 100-seed weight after flowering and seed filling stages. The results concluded that the most sensitive growth stages to water deficit were flowering and seed filling stages. The results revealed that the irrigation water productivity for sunflower was low under different irrigation intervals under Gezira conditions. The results also showed that water productivity was low under Gezira condition due to
